The endoplasmic reticulum (ER) is a central cellular organelle in which transmembrane and secretory proteins are synthesized, folded, and matured[@b1][@b2]. Various genetic and environmental insults lead to the accumulation of unfolded proteins in the ER lumen, causing ER stress. Excessive ER stress ultimately leads to apoptotic cell death. Eukaryotic cells have a system to mitigate ER stress, known as the unfolded protein response (UPR)[@b3][@b4][@b5]. Three major transducers of the UPR have been identified: PKR-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6). These factors transmit signals from the ER to the cytoplasm or nucleus, and activate three pathways: i) suppression of protein translation to avoid the generation of more unfolded proteins[@b6]; ii) induction of genes encoding ER molecular chaperones to facilitate protein folding[@b7][@b8]; and iii) activation of ER-associated degradation (ERAD) to reduce unfolded protein accumulation in the ER[@b9][@b10]. If these strategies fail, the cells are unable to maintain ER homeostasis and undergo apoptosis[@b11][@b12].

Inflammation is a reaction to host tissue or cell damage caused by stimuli such as infection, chemicals, or physical injury. Inflammation functions as an attempt to eliminate these causal factors and maintain homeostasis. Acute inflammation is a temporary response activated to remove the stimulus and repair the tissue. By contrast, chronic inflammation is a prolonged response that is intended to eliminate the causal factors and/or repair the damaged tissues. Chronic inflammation was proposed as an underlying pathology of various diseases, including heart disease, cancer, inflammatory bowel disease, and metabolic diseases[@b13][@b14][@b15][@b16].

Obesity, which is defined as abnormal or excessive fat accumulation in adipose tissues, is a chronic inflammation disease[@b17]. Obese adipose tissue is characterized by enhanced hypertrophy and hyperplasia of adipocytes, as well as chronic inflammation involving inflammatory cell infiltration and activation of the cytokine network[@b18][@b19][@b20]. Although the features of chronic inflammation in obese adipose tissue are clearly defined, the signals and mechanisms that trigger chronic inflammation are not well understood.

It has previously been reported that obese adipose tissue are exposed to stressful conditions, including hypoxia, oxidant stress, and ER stress[@b21][@b22][@b23]. Recently, ob/ob genetic diabetes mice were reported to reveal up-regulation of ER stress markers such as BiP, phosphorylated PERK, and phosphorylated α-subunit of eukaryotic translational initiating factor 2 (eIF2α) in adipose tissue and the liver[@b23]. Interestingly, several studies have demonstrated that free fatty acids (FFAs), which are elevated in obesity, have the potential to induce ER stress in various cells, including adipocytes[@b24][@b25]. However, little is known about the mechanisms for induction of ER stress by obesity in adipose tissue, or the relationship between ER stress and chronic inflammation. Therefore, we investigated the roles of ER stress and its stress response in adipose tissue of obese mice. In the present study, we showed that FFA-mediated ROS generation causes ER stress in adipocytes. Furthermore, we found that alleviation of ER stress using chemical chaperones suppressed the inflammatory response, including the expression of inflammatory cytokines in adipose tissue, and improved insulin signaling.

Results
=======

High-fat diet induced-obesity causes ER stress and chronic inflammation in adipose tissue
-----------------------------------------------------------------------------------------

To examine whether obesity induces ER stress in adipose tissue, we fed male C57BL/6 mice a high-fat diet for 16 weeks. The mouse model of diet-induced obesity is the most important tool for understanding the development of obesity[@b26]. Body weight significantly increased in obese mice throughout the study period compared with control mice fed a regular diet ([Figure 1a](#f1){ref-type="fig"}). We conducted RT-PCR analysis of *Bip* using mRNA isolated from epididymal adipose tissue at various times after starting the high-fat diet. The expression levels of *Bip* were slightly up-regulated after 12 weeks and were markedly elevated after 16 weeks of feeding ([Figure 1b](#f1){ref-type="fig"}). We also determined the expression levels of other ER stress markers, including c/EBP-homologous protein (*Chop*), activating transcription factor 4 (*Atf4*), ER degradation enhancer mannosidase (*Edem*), ER DnaJ homolog 4 (*Erdj4*), and protein disulfide isomerase (*Pdi*) in adipose tissue of mice fed a high-fat diet for 16 weeks. The expression levels of these ER stress markers were significantly up-regulated in obese mice ([Figure 1c](#f1){ref-type="fig"}). Taken together, these results indicate that the persistence of obesity gradually induces ER stress and is followed by activation of the UPR signaling pathway in adipocytes.

To examine the relationship between obesity-induced ER stress and chronic inflammation, we determined the mRNA expression levels of inflammatory genes in adipose tissue of mice fed a high-fat diet for 16 weeks. The expression levels of *Tnf-α*, a key inflammatory cytokine, were dramatically increased in obese mice ([Figure 1d](#f1){ref-type="fig"}). The gene expression levels of other inflammatory cytokines, including *Ifn-γ*, *Il-1β*, *Il-6*, and monocyte chemoattractant protein-1 (*Mcp-1*) were also up-regulated. The gene expression levels of the mouse macrophage-specific marker *F4/80* were also significantly elevated. Furthermore, adipocytes from obese mice exhibited hypertrophy and hyperplasia ([Figure 1e](#f1){ref-type="fig"}). Infiltration of macrophages and lymphocytes was also observed in adipose tissue. These findings provide evidence of chronic inflammation occurring in obese adipose tissue, which is a consequence of ER stress.

ROS inhibitors suppress FFA-induced ER stress in 3T3-L1 adipocytes
------------------------------------------------------------------

To investigate the mechanisms for the triggers of obesity-induced ER stress in adipose tissue, *in vitro* experiments using cultured adipocytes were performed. FFAs were recently reported to cause ER stress in adipocytes[@b25][@b27][@b28][@b29]. To confirm this, 3T3-L1 adipocytes were exposed to 50 μg/ml FFA for 4 hours. RT-PCR showed that expression levels of the spliced form of *Xbp-1* (*sXBP-1*) were up-regulated in 3T3-L1 adipocytes treated with FFA ([Figure 2a](#f2){ref-type="fig"}). We then determined the expression levels of ER stress markers, *Chop*, *Atf4*, *Edem*, *ERdj4*, and *Pdi* in 3T3-L1 adipocytes treated with FFA, and observed that they were significantly increased ([Figure 2b](#f2){ref-type="fig"}). These results confirmed that FFAs induce ER stress in 3T3-L1 adipocytes.

It has been reported that FFAs induce ROS generation in adipocytes[@b22]. To investigate upstream events that potentially lead to induction of ER stress we used ROS inhibitors. To examine whether FFA-induced ROS generation causes ER stress, 3T3-L1 adipocytes were pretreated with the ROS inhibitors NAC or ebselen for 30 minutes and then with FFA for 4 hours. FFA-induced *Xbp-1* splicing was completely blocked by NAC and ebselen pretreatment ([Figure 2c](#f2){ref-type="fig"}). Pretreatment with NAC or ebselen also significantly decreased FFA-induced up-regulation of *Bip* and *Chop* ([Figure 2d, e](#f2){ref-type="fig"}), indicating that FFA-mediated ROS generation causes ER stress in 3T3-L1 adipocytes.

Chemical chaperones prevent the up-regulation of inflammatory cytokines in 3T3-L1 adipocytes by alleviating ER stress
---------------------------------------------------------------------------------------------------------------------

We then focused on downstream events of ER stress and UPR signaling. Our findings also suggested that ER stress and chronic inflammation occur in adipose tissue of obese mice. Chronic inflammation in adipose tissue plays a crucial role in aggravating the consequences of obesity[@b18]. Therefore, to investigate the roles of ER stress in chronic inflammation, we examined the effects of ER stress on the expression of inflammatory cytokines in cultured adipocytes by administering them to chemical chaperones that alleviate ER stress. To achieve this, we stimulated 3T3-L1 adipocytes with 0.6 μg/ml tunicamycin, which causes ER stress by inhibiting *N*-linked glycosylation. This treatment significantly up-regulated mRNA expression of *sXbp-1* in 3T3-L1 adipocytes ([Figure 3a](#f3){ref-type="fig"}), confirming the induction of severe ER stress. Pretreatment with the chemical chaperones 4-PBA or TUDCA[@b30][@b31] prevented tunicamycin-induced up-regulation of *sXbp-1* mRNA expression ([Figure 3a](#f3){ref-type="fig"}). 4-PBA and TUDCA also inhibited tunicamycin-induced up-regulation of *Bip* and *Chop* ([Figure 3b, c](#f3){ref-type="fig"}), suggesting that these chemical chaperones reduce ER stress in 3T3-L1 adipocytes.

We then performed RT-PCR to examine whether ER stress influences gene expression of inflammatory cytokines in 3T3-L1 adipocytes. Tunicamycin up-regulated the expression of ER stress markers and the inflammatory cytokines *Tnf-α* and *Il-6* in 3T3-L1 adipocytes ([Figure 3d, e](#f3){ref-type="fig"}). Pretreatment with 4-PBA or TUDCA inhibited ER stress-induced up-regulation of inflammatory cytokine expression ([Figure 3d, e](#f3){ref-type="fig"}). Taken together, these findings indicate that ER stress and UPR signaling directly regulate the expression of inflammatory cytokines in 3T3-L1 adipocytes.

Chemical chaperones suppress the gene expression levels of inflammatory cytokines in adipose tissue of mice fed a high-fat diet
-------------------------------------------------------------------------------------------------------------------------------

Based on our observations *in vitro*, we hypothesized that obesity-induced ER stress could contribute to chronic inflammation in adipose tissue *in vivo*. To examine whether chemical chaperones improve chronic inflammation in adipose tissue of obese mice, obese mice were orally administered 4-PBA or TUDCA for 4 weeks. RT-PCR showed that gene expression of the ER stress markers *Bip*, *Chop*, *Atf4*, *Edem*, *Erdj4*, and *Pdi* was significantly down-regulated in epididymal adipose tissue of mice treated with 4-PBA or TUDCA ([Figure 4a](#f4){ref-type="fig"}), indicating that these compounds could inhibit obesity-induced ER stress *in vivo*.

We then examined the effect of chemical chaperones on the expression of inflammatory cytokines in adipose tissue. Treatment with 4-PBA or TUDCA also significantly down-regulated the gene expression levels of the inflammatory cytokines *Tnf-α*, *Ifn-γ*, *Il-1* β. *Il-6*, and *Mcp-1* in adipose tissue of mice fed a high-fat diet ([Figure 4b](#f4){ref-type="fig"}). These results suggest that chemical chaperones prevent the inflammatory response in adipose tissue by alleviating ER stress.

Alleviation of ER stress improves the symptoms of obesity
---------------------------------------------------------

We examined the effects of chemical chaperones on the symptoms of obesity. A significant feature of adipocytes from obese mice is hypertrophy of the cell bodies. In mice treated with 4-PBA or TUDCA, the adipocytes were smaller compared with those in vehicle-treated mice ([Figure 5a, b](#f5){ref-type="fig"}). Also, the number of infiltrating macrophages and lymphocytes in adipose tissue decreased ([Figure 5a](#f5){ref-type="fig"}). Additionally, mice treated with 4-PBA or TUDCA exhibited a slight but significant decrease in body weight compared with the control mice ([Figure 5c](#f5){ref-type="fig"}).

As obesity-induced inflammation promotes metabolic dysfunction followed by impaired insulin signaling[@b32], we conducted immunoblotting to assess the insulin signaling status in adipose tissue. Mice treated with vehicle showed a significant increase in levels of insulin receptor substrate (IRS)-1 phosphorylated at Ser-307 (IRS-1-pS) ([Figure 5d, e](#f5){ref-type="fig"}). Phosphorylation of IRS-1 at Ser-307 negatively regulates insulin signaling[@b33]. The levels of phosphorylated Akt at Ser-473 (Akt-pS), which is the distal event in the insulin signaling pathway[@b34], decreased ([Figure 5d, e](#f5){ref-type="fig"}). Treatment with 4PBA or TUDCA greatly reduced the elevated expression of phospho-IRS-1 (Ser307) and increased the expression of phospho-Akt (Ser473) to normal levels, indicating that chemical chaperones prevented insulin resistance in obese adipose tissue. Taken together, our results suggest that chemical chaperones can improve obesity-induced chronic inflammation followed by metabolic disorders in adipose tissue. We therefore concluded that ER stress plays important pathophysiological roles in obesity-induced adipose tissue dysfunction.

Discussion
==========

In this study, activation of the inflammatory response and metabolic disorders were observed in adipose tissue of mice fed a high-fat diet. These pathophysiologic events were alleviated by treatment with chemical chaperones that can suppress ER stress. Obesity is a risk factor which can lead to lipid metabolism disorders, hypertension, arteriosclerosis, and ischemic heart disease; as well as metabolic diseases, including insulin resistance and type 2 diabetes. Although the incidence of obesity has increased worldwide, current pharmacotherapeutic options for treating obesity and obesity-related diseases remain limited and ineffective[@b35]. It is therefore necessary to understand the molecular mechanisms in the development of obesity related problems. Our results provide evidence that ER stress and its stress responses in adipose tissue is a key factor in the aggravation of obesity related problems. Therefore, ER stress is a potential therapeutic target for the treatment for obesity.

We showed that high-fat diet-induced obesity causes ER stress and activates UPR signaling in adipose tissue. However, the molecular mechanisms of obesity-induced ER stress in adipocytes are not yet fully understood. The previous report showed that production of ROS increased selectively in adipose tissue of obese mice and elevated levels of FFA caused increase of ROS in cultured adipocytes[@b22] In this study, we also observed FFA-mediated ROS generation in adipocytes. ROS oxidizes nascent proteins and increases malfolded and unfolded proteins in the ER[@b36]. Further, ROS acts on calcium channels in the ER membrane, followed by stimulation of calcium release from the ER. Decreased concentration of the total calcium in the ER lumen ultimately impairs protein folding of nascent proteins[@b37]. Thus, FFA-mediated ROS generation could induce ER stress in adipose tissue of obese mice. Additionally, it is conceivable that inflammatory response contributes to ER stress in adipose tissue; The inflammatory cytokine TNF-α can induce ROS generation in the cytosol via activation of NADPH oxidase[@b38][@b39]. Another inflammatory cytokine, IL-1β, depletes calcium stores in the ER by up-regulating the expression of inducible nitric oxide synthase (iNOS)[@b40]. It is already established that nitric oxide inhibits the ER calcium pump and induces ER stress[@b41]. All of these events could act in a coordinated manner, and induce ER stress in adipocytes in obese mice.

Mice fed a high-fat diet showed severe inflammation involving increased expression of inflammatory cytokines. The three major UPR signaling pathways (mediated by PERK, IRE1, and ATF6) that are activated by ER stress are known to stimulate the expression of inflammatory cytokines in several cell types[@b42]. PERK signaling activates NF-κB, a transcriptional regulator that plays a central role in mediating the responses to inflammatory signaling. The PERK arm of UPR mediates inhibition of protein translation via phosphorylation of eIF2α. Translation of IκBα, the main negative regulator of NF-κB, is known to be inhibited by phosphorylation of eIF2α[@b43]. A decrease in the translation of IκBα results in removal of inhibition of NF-κB activity and promotes the translocation of NF-κB from the cytoplasm to the nucleus. Down-regulation of this inhibitory control allows the induction of its downstream inflammatory genes. ATF6 also regulates the NF-κB pathway[@b44]. ATF6 translocates to the golgi in response to ER stress, where it is cleaved into an active amino-terminal form. This activated N-terminus ATF6 then translocates to the nucleus. Although little is known about the precise mechanism for how the ATF6 signaling pathway activates NF-κB, ATF6 probably up-regulates the transcription of genes, which activate the NF-κB pathway. The third canonical branch of the UPR is the IRE1 signaling pathway. It was reported that the IRE1 signaling pathway directly activates c-Jun N-terminal kinase (JNK)[@b12][@b45], an important inflammatory signaling mediator. JNK up-regulates the expression of inflammatory cytokines by activating the activator protein 1 (AP-1) transcription factor complex. In the present study, we demonstrated that ER stress markers were markedly up-regulated and the inflammatory response was successfully suppressed by chemical chaperones that alleviate ER stress in adipose tissue of mice fed a high-fat diet. Inflammation in adipose tissue of high-fat diet-induced obese mice could be caused by the activation of UPR signaling pathways from these ER stress sensors induced by ER stress.

One of the most common physiological consequences of obesity is the development of insulin resistance. A recently report showed that the IRE1--JNK signaling pathway directly inhibits cytoplasmic insulin signaling in ob/ob mice because activated JNK phosphorylates IRS-1 at Ser307[@b23]. It is possible that ER stress in adipocytes could disrupt insulin signaling through the activation of IRE1. Our findings showed that alleviation of ER stress improved insulin signaling via down-regulation of phosphorylation of IRS-1 at Ser307 in adipose tissue of mice fed a high-fat diet although it is unclear whether the mechanisms are dependent on suppressing the IRE1--JNK signaling pathway. The inflammatory cytokines secreted from adipocytes and macrophages in obese adipose tissue can also activate JNK pathways[@b46]. In addition, inflammatory cytokines can disrupt insulin signaling by interfering with IRS-1--insulin receptor binding and promoting IRS-1 degradation[@b47]. The effect of ER stress on insulin signaling requires further comprehensive study to elucidate the detailed mechanisms underlying the development of insulin resistance in obese adipose tissue.

The present study revealed the possibility that inhibition of ER stress may be an effective approach to reduce the risk of obesity and its complications. In other words, ER stress and its stress response (UPR) offer novel drug targets for obesity. However, ER stress has various physiologic roles, including escape from apoptosis in cells with unfolded protein in the ER[@b11][@b12], regulation of secretory cell differentiation or maturation[@b30][@b48][@b49][@b50], and maintenance of cellular homeostasis[@b51]. Consequently, complete elimination of ER stress by agents that prevent ER stress could cause disadvantage for living cells and biological regulation. To develop the agents targeting ER stress in clinical, further studies are now needed to characterize the functional changes in cells dependent on ER stress.

Methods
=======

Antibodies and reagents
-----------------------

Antibodies against Akt, phospho-Akt (Ser473), insulin receptor substrate (IRS)-1, and phospho-IRS-1 (Ser307) were purchased from Cell Signaling Technology. Tauroursodeoxycholic acid (TUDCA), 3-isobutyl-1-methylxanthine (IBMX), and dexamethasone (DEX) were purchased from Wako. Insulin and N-acetylcysteine (NAC) were purchased from Sigma. 4-phenylbutyrate (4-PBA) and ebselen were purchased from Enzo Lifesciences. FFA was purchased from SRL.inc (Tokyo, Japan).

Mouse studies
-------------

4-week-old male C57BL/6 (Charles River Laboratory) were housed under a 12-h light/12-h dark cycle, and followed free access to regular diet (6% fat; Oriental Yeast) or a high-fat diet (34.9%; Research Diets Inc.) to induce obesity. After 16 weeks on the diet, mice were orally administered with 4-PBA or TUDCA twice-daily in two divided doses (500 mg/kg at 7:30 am and 7:30 pm; total 1 g/kg/day). Mice in the control groups received the same volume of vehicle by oral gavage. The experimental procedures and housing conditions were approved by the Committee of Animal Experimentation, Hiroshima University.

Cell culture and treatment
--------------------------

3T3-L1 preadipocytes were purchased from JCRB (Osaka, Japan) and cultured in DMEM (Invitrogen) supplemented with 10% FBS (Hyclone), 2 mM L-glutamine, 50 U/ml penicillin, and 50 µg/ml streptomycin. For experiments with chemical chaperones, 3T3-L1 adipocytes were treated with 7.5 mM 4-PBA or 0.5 mg/ml TUDCA for 14 h, followed by treatment with 0.6 μg/ml tunicamycin for 6 or 12 h. For ROS inhibitor studies, 3T3-L1 adipocytes were pretreated with 1 mM *N*-acetylcysteine (NAC) or 20 μM ebselen for 30 min, and then stimulated with 50 μg/ml FFA in the presence of 5% BSA (Sigma) for 4 h.

Adipocyte differentiation
-------------------------

3T3-L1 preadipocytes were allowed to reach confluence (Day 0) and then cultured with stimulation/differentiation medium consisting of growth medium supplemented with 0.25 mM IBMX, 1 mM dexamethasone, and 1 μg/ml insulin. Two days after stimulation, the cells were placed in post-stimulation medium containing DMEM, 10% FBS, and 1 μg/ml insulin. The medium was replaced every 2 days for 8 days.

Protein extraction
------------------

For protein extraction, epididymal adipose tissue samples were placed in 600 μl of cell extraction buffer containing 25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, and protease inhibitor cocktail (MBL International). After homogenization on ice, the tissue lysates were incubated on ice for 45 min. After centrifugation at 15,000 rpm for 15 min at 4°C, the supernatants were collected. One milligram of total tissue protein was used for immunoprecipitation and immunoblotting.

Immunoprecipitation
-------------------

Tissue lysates were incubated with anti-IRS-1 antibody on ice for 1.5 h, and then rotated with protein G-agarose (Invitrogen) at 4°C for 1.5 h. The agarose beads were washed three times with cold lysis buffer. Next, protein G agarose beads were suspended in SDS sample buffer and incubated at 100°C for 5 min.

Immunoblotting
--------------

Tissue lysates or immunoprecipitates were resolved by SDS-PAGE and transferred to an Immobilon-P nylon membrane (Millipore). The membrane was treated with 5% skimmed milk overnight at 4°C and probed with the primary antibodies described above. The antibodies were detected using alkaline phosphatase-conjugated anti-rabbit IgG (Sigma) or anti-mouse IgG (Enzo Lifesciences). The density of each band was quantified using Adobe Photoshop CS software (Adobe Systems Incorporated).

RNA isolation and RT-PCR
------------------------

Total RNA was isolated from epididymal adipose tissue or 3T3-L1 adipocytes using ISOGEN (Wako). First-strand cDNA was synthesized in a 20 μl reaction volume using random primers (Takara) and Moloney murine leukemia virus reverse transcriptase (Invitrogen). PCR was performed using specific primer sets in a total volume of 20 μl containing 0.5 μM of each primer, 0.15 mM dNTPs, 2 U Taq polymerase, and 10× PCR buffer (Agilent). The primer sequences are summarized in [Supplementary Information](#s1){ref-type="supplementary-material"}, [Table S1](#s1){ref-type="supplementary-material"}. The PCR products were resolved by electrophoresis on a 4.8% acrylamide gel. The density of each band was quantified using Adobe Photoshop CS software.

Histological analysis
---------------------

Epididymal adipose tissue samples were fixed overnight in 10% neutral buffered formalin. Samples were then dehydrated with ethanol, embedded in paraffin, and sectioned (5 μm). H&E staining was performed using standard protocols.

Analysis on cell size of adipocyte
----------------------------------

At 20× magnification, five representative images of each slide were captured. We counted the number of adipocytes, and the mean cell size of adipocytes was determined by dividing the total area of the image by the number of adipocytes.

Statistical analysis
--------------------

Statistical comparisons were made using unpaired Student\'s *t*-test. Differences between groups were considered statistically significant at values of *p* \< 0.05. All results are presented as means ± standard deviation (SD).
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![ER stress and chronic inflammation occurs in adipose tissue of mice fed a high-fat diet.\
Mice were fed a regular diet or high-fat diet for 16 weeks. A, Body weight. Mice fed a high-fat diet had higher weights compared with mice fed a regular diet. Values are mean ± SD (n = 12). RD, regular diet; HFD, high-fat diet. B, *Bip* mRNA expression in adipose tissue of mice fed a regular diet or a high-fat diet. *Bip* mRNA expression increased from 12 weeks in mice fed a high-fat diet. The expression of *Bip* is shown relative to *Gapdh*. Values are mean ± SD (n = 4). \*\*p \< 0.01 (unpaired Student\'s *t*-test). C, mRNA expression levels of ER stress markers in adipose tissue. mRNA expression levels of each ER stress marker were significantly up-regulated in mice fed a high-fat diet for 16 weeks. Values are mean ± SD (n = 4). \*p \< 0.05 and \*\*p \< 0.01 (unpaired Student\'s *t*-test). D, mRNA expression levels of inflammatory cytokines in adipose tissue. mRNA expression levels of inflammatory cytokines were significantly up-regulated in mice fed a high-fat diet for 16 weeks. Values are mean ± SD (n = 4). \*p \< 0.05 and \*\*\*p \< 0.001 (unpaired Student\'s *t*-test). E, H&E staining of adipose tissue. Macrophage infiltration and adipocyte hypertrophy were observed in mice fed a high-fat diet for 16 weeks.](srep00799-f1){#f1}

![Effects of ROS inhibitors on FFA-induced ER stress in 3T3-L1 adipocytes.\
A, Treatment with FFA up-regulated *sXbp-1* mRNA in 3T3-L1 adipocytes. 3T3-L1 adipocytes were treated with 50 μg/ml FFA/BSA for 4 hours. *uXbp-1*, unspliced forms of *Xbp-1* mRNA; *sXbp-1*, spliced forms of *Xbp-1* mRNA. B, mRNA expression levels of ER stress markers in 3T3-L1 adipocytes treated with FFA. 3T3-L1 adipocytes were treated with 50 μg/ml FFA/BSA for 4 hours. mRNA expression levels ER stress markers were significantly increased in treatment with FFA. Values are mean ± SD (n = 3). \*p \< 0.05 and \*\*p \< 0.01 (unpaired Student\'s *t*-test). C, Pretreatment with the ROS inhibitors NAC or ebselen prevented FFA-induced up-regulation of *sXbp-1* mRNA in 3T3-L1 adipocytes. 3T3-L1 adipocytes were treated with 1 mM NAC or 20 μM ebselen for 30 minutes and added to 50 μg/ml FFA/BSA for 4 hours. Pretreatment with NAC and ebselen inhibited the up-regulation of *sXBP-1* induced by FFA. D and E, Effects of NAC or ebselen on mRNA expression of the ER stress markers *Bip* (D) and *Chop* (E) in 3T3L1 adipocytes. 3T3-L1 adipocytes were treated with 1 mM NAC or 20 μM ebselen for 30 minutes, and then treated with 50 μg/ml FFA/BSA for 4 hours. Pretreatment with NAC or ebselen suppressed the up-regulation of *Bip* and *Chop* induced by FFA. Values are mean ± SD (n = 3). \*\*p \< 0.01 (unpaired Student\'s *t*-test).](srep00799-f2){#f2}

![Effects of chemical chaperones on ER stress and the expression of inflammatory cytokines in 3T3-L1 adipocytes.\
A, Pretreatment with the chemical chaperones 4-PBA or TUDCA inhibited tunicamycin-induced up-regulation of *sXbp-1* mRNA in 3T3-L1 adipocytes. 3T3-L1 adipocytes were treated with 7.5 mM 4-PBA or 0.5 mg/ml TUDCA for 14 hours, and then treated with 0.6 µg/ml tunicamycin for 6 hours. *uXbp-1*, unspliced forms of *Xbp-1* mRNA; *sXbp-1*, spliced forms of *Xbp-1* mRNA. B and C, Effects of 4-PBA or TUDCA on the mRNA expression of the ER stress markers *Bip* (B) and *Chop* (C) in 3T3-L1 adipocytes. 3T3-L1 adipocytes were treated with 7.5 mM 4-PBA or 0.5 mg/ml TUDCA for 14 hours, and then treated with 0.6 μg/ml tunicamycin for 12 hours. Pretreatment with 4-PBA and TUDCA prevented the up-regulation of *Bip* and *Chop* induced by tunicamycin. Values are mean ± SD (n = 3). \*p \< 0.05 (unpaired Student\'s *t*-test). D and E, Effects of 4-PBA or TUDCA on mRNA expression of the inflammatory cytokines *Tnf-α* (D) and *Il-6* (E) in 3T3L1 adipocytes. 3T3-L1 adipocytes were treated with 7.5 mM 4-PBA or 0.5 mg/ml TUDCA for 14 hours, and then treated with 0.6 μg/ml tunicamycin for 12 hours. Pretreatment with 4-PBA or TUDCA suppressed the up-regulation of *Tnf-α* and *Il-6* induced by tunicamycin. Values are mean ± SD (n = 3). \*p \< 0.05 (unpaired Student\'s *t*-test).](srep00799-f3){#f3}

![ER stress up-regulates the expression of inflammatory cytokines in adipose tissue of mice fed a high-fat diet.\
Mice were fed a high-fat diet for 16 weeks and then treated with 4-PBA or TUDCA for 4 weeks at a dose of 1 g/kg/day. A, mRNA expression levels of ER stress markers in adipose tissue. mRNA expression levels of ER stress markers were significantly down-regulated by treatment with 4-PBA or TUDCA. Values are mean ± SD (n = 5). \*p \< 0.05 (unpaired Student\'s *t*-test). B, mRNA expression levels of inflammatory cytokines in adipose tissue. The expression levels of inflammatory cytokines were down-regulated by treatment with 4-PBA or TUDCA. Values are mean ± SD (n = 5). \*p \< 0.05 (unpaired Student\'s *t*-test).](srep00799-f4){#f4}

![ER stress contributes to symptoms of obesity in adipose tissue of mice fed a high-fat diet.\
Mice were fed a high-fat diet for 16 weeks and then treated with 4-PBA or TUDCA for 4 weeks at a dose of 1 g/kg/day. A, H&E staining of adipose tissue. Treatment with 4-PBA or TUDCA inhibited macrophage infiltration into adipose tissue and slightly decreased the size of the adipocytes. B, Quantitative analysis of the size of adipocytes treated with 4-PBA or TUDCA. Values are mean ± SD (n = 5). \*p \< 0.05 (unpaired Student\'s *t*-test). C, Effects of 4-PBA or TUDCA on body weights of mice fed a high-fat diet. The body weights of obese mice treated with 4-PBA (n = 7) or TUDCA (n = 8) were significantly lower than those of vehicle-treated obese mice (n = 8). \*p \< 0.05 (unpaired Student\'s *t*-test). D, Western blot analysis of insulin signaling components in adipose tissue. Adipose tissue lysates were subjected to immunoprecipitation followed by immunoblotting. Treatment with 4-PBA or TUDCA down-regulated the expression of phospho-IRS-1 at Ser307 (IRS-1-pS) and up-regulated the expression of phospho-Akt at Ser473 (Akt-pS) (Left panel). Mice were fed regular diet or a high fat diet for 20 weeks (Right panel). E, Quantitative analysis of phospho-IRS-1 and phospho-Akt expression levels in adipose tissue. Values are mean ± SD (n = 5). \*p \< 0.05 (unpaired Student\'s *t*-test).](srep00799-f5){#f5}
